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Variation in phenotypic selection has important implications for fundamental evolutionary phenomena including, among others, the evolution of phenotypic diversity and speciation (Schluter 2000) , the maintenance of genetic variation (Hedrick 2006) , the existence of prolonged evolutionary stasis in many characters (Estes and Arnold 2007) , and the stability of the genetic variance-covariance (G) matrix (Arnold et al. 2001) . That selection does vary is clear. Extensive research on local adaptation, for example, has revealed that trade-offs in mean performance are common enough that native forms outperform nonnative forms in their respective environments, thus strongly implicating divergent selection between environments (Schluter 2000) . Such experiments, however, provide only a qualitative test of whether selection differs; a comprehensive understanding of how selection differs requires quantitative comparisons of its form and strength among populations from different areas or within a population at different times.
Quantitative descriptions of phenotypic selection, together with the relevant quantitative genetic parameters, form the basis of the microevolutionary equations for predicting the short-term response to selection (Lande 1979; Lande and Arnold 1983; Wade 1984a, 1984b) . The literature addressing variation in quantitative genetic parameters in natural populations is extensive (Mousseau and Roff 1987; Houle 1992; Blows and Hoffmann 2005) . In contrast, we know much less about variation in the form and strength of selection as characterized by these formal quantitative descriptions, in spite of the dramatic increase in the use of these measures (Kingsolver et al. 2001 ) since Endler's (1986) seminal review of selection in the wild. In particular, we know virtually nothing about how multivariate selection on suites of traits varies spatially and temporally, despite a recognition that selection rarely acts on single traits in isolation (Lande and Arnold 1983; Schluter and Nychka 1994; . We therefore remain remarkably ignorant about variation in the multivariate fitness surfaces that shape the adaptive landscape, one of the most powerful heuristic images in evolutionary biology (Arnold et al. 2001) .
Multivariate fitness surfaces can be quantified using first-and second-order polynomial regression, which provide the best-fit linear and quadratic approximations to the true surface (Lande and Arnold 1983; Phillips and Arnold 1989) . The linear partial regression coefficients form a column vector (b) of linear selection gradients representing selection on each trait independent of the other traits in the model, depicted visually as the slope of the fitness surface with respect to that trait. For nonlinear selection, the quadratic partial regression coefficients form a symmetrical matrix (g) representing selection affecting trait variances (g ii ) and covariances (g ij ), depicted visually as curvature of the fitness surface. Nonparametric techniques (e.g., cubic and thin-plate splines and projectionpursuit regression ; Schluter 1988; Schluter and Nychka 1994; are often used for visual inspection of surfaces and are an important component of selection analyses because they may reveal local features of the fitness landscape that the best-fit linear and quadratic representations cannot. Unfortunately, current nonparametric approaches do not lend themselves readily to quantifying the strength and form of selection, and ultimately, when questions concern variation in selection, a quantitative framework for hypothesis testing is required.
Spatial and temporal variation in individual selection coefficients have been described in a number of studies (Schluter et al. 1991; reviewed in Schluter 2000) . One approach to developing a quantitative framework for testing differences in these coefficients has been to extend the linear models used to estimate selection in one environment (or at one time, or in one sex) to multiple environments (or sampling times, or both sexes) by including site (or time, or sex) as a fixed factor in the model (e.g., Kalisz 1986; Galen et al. 1987; Conner 1989; Schemske and Horvitz 1989; Dudley 1996; Caruso 2000; Fornoni et al. 2004) . The model becomes an ANCOVA, with the covariates being the individual traits that are the targets of selection. The interaction of each trait with the fixed effect then tests the assumption of homogeneity of slopes, in effect asking whether there is any evidence that the selection gradients differ between groups.
The ANCOVA approach can be extended to provide an overall test of whether selection varies on the entire suite of traits under consideration through the use of the partial F-test (Bowerman and O'Connell 1990) . The partial F-test compares the fit of a full model, which includes all of the /time/sex interactions, with a reduced one that trait # site excludes all of these interactions. This approach has been used to test for differences in multivariate sexual selection between males and females and among experimental populations adapted to different treatment environments . However, although ANCOVA and partial F-tests can provide quantitative tests for differences in selection, these approaches become problematic as the number of traits increases because estimating the full model, including all of the interactions, can consume substantial degrees of freedom. This problem is particularly acute when nonlinear selection is considered because to fully account for all nonlinear selection on a set of n traits requires the inclusion of all second-order terms that make up the g matrix. n(n Ϫ 1)/2 An alternative and potentially more informative approach is to directly compare the b vectors and g matrices that describe the multivariate fitness surface in each population (Arnold et al. 2001) . For linear selection, vector correlations can be calculated as the dot product of the standardized b vectors from two populations, providing a straightforward, bounded measure of similarity of linear selection on this entire suite of traits between these populations. The approach for nonlinear selection, however, is not so straightforward. Although Arnold et al. (2001) suggested the use of the Flury (1987) hierarchy to compare g matrices, it is uncertain whether this method can be applied to matrices other than product-moment-based ones as originally intended.
Here we utilize an alternative, geometric approach to asking whether nonlinear selection, as encapsulated by multiple g matrices, varies among populations. Our approach employs the Krzanowski (1979) method for the comparison of the eigenstructure of two matrices. The Krzanowski method provides a straightforward, bounded measure of the overall similarity in orientation of subspaces defined by each matrix, and the method is not restricted in its application to any particular type of original matrices. The utility of the Krzanowski method for the comparison of matrices, including G and g, has recently been outlined in detail: it was employed in a study comparing the orientation of genetic variance in a suite of sexual display traits, as characterized by the G matrix, with the multivariate nonlinear sexual selection on them, as characterized by the g matrix Hine et al. 2004 ). It has also been used to compare pairs of G matrices in a study of indirect genetic effects (Petfield et al. 2005) .
Using this geometric framework allows questions concerning large-scale patterns of variation in selection among multiple populations to be investigated. We test for patterns by assembling two similarity matrices, one for linear selection and one for nonlinear selection, that describe variation in multivariate phenotypic selection among pairs of populations. For linear selection, the individual ele-ments of this matrix are vector correlation coefficients of linear selection on the suite of traits between pairs of populations. For nonlinear selection, the elements are Krzanowski values generated by the comparison of the g matrices from the respective pairs of populations. We then analyze structure in these similarity matrices to determine whether any patterns exist in how multivariate selection varies among the suite of populations. We also associate these matrices with other similarity/distance matrices to determine what factors, if any, correlate between them. Although our interest here lies specifically in broad patterns of variation among populations in the strength and form of sexual selection on sexual display traits, our approach is equally applicable to questions concerning natural selection and temporal variation.
We studied variation in sexual selection among geographic populations of the fruit fly Drosophila serrata, a species that uses a suite of contact pheromones composed of cuticular hydrocarbons (CHCs) in both mate choice within populations (Blows and Allan 1998; Blows 2003, 2005; Blows et al. 2004; Hine et al. 2004 ) and species recognition (Blows and Allan 1998) . Mate choice in this species, which has been well characterized via a series of evolutionary and genetic experiments, is mutual: both males and females discriminate among potential mates based on CHCs Blows 2003, 2005) . In the laboratory, both CHCs and mating preferences for them have been shown to respond when selection is manipulated (Blows 1998; Higgie et al. 2000; , demonstrating the evolutionary potential of these traits. In nature, CHCs vary among populations along the Australian east coast, and a pattern of reproductive character displacement has been generated by reinforcing selection arising from sympatry of the northern populations with the related species Drosophila birchii (Higgie et al. 2000) .
Here we use individuals recently collected from nine populations spanning the species' range along the Australian east coast to examine large-scale among-population patterns of variation in sexual selection on CHCs separately in males and females. By conducting more than 1,800 independent mate choice trials involving more than 5,400 individual flies, we characterize the strength and form of linear and nonlinear sexual selection on CHCs separately in males and in females from each of these nine populations. This selection arises from mate choice and is therefore indicative of population-level mate preferences for CHCs in each sex . We then compare this selection among populations, separately for each sex, determining whether any patterns exist in the variation and conducting quantitative tests to ask whether it correlates with among-population structure in assumedneutral genetic variance (F ST ), geographic distance, or the presence/absence (sympatry/allopatry) of D. birchii.
Comparisons with F ST and geography were chosen to provide insight into the two main classes of models by which the evolutionary divergence of mate preferences can be initiated (Schluter 2000; Rundle and Nosil 2005) , hence leading to differences in sexual selection arising from mate choice. In the first model class, divergence in mate preferences is initiated by chance events, such as genetic drift and/or unique mutations, with sexual selection amplifying this initial divergence to yield a wide array of possible outcomes. Examples of such models include sexual conflict (Chapman et al. 2003 ) and a Fisherian runaway process (Lande 1981) . In the second model class, preferences diverge ultimately as a by-product of adaptation to different environments or niches. Examples of such models include spatial variation in natural selection on sexual display traits (Lande 1982) and sensory drive (Boughman 2002) in which sensory and/or communication systems adapt to their local habitats. In the former class of models, the divergence of mate preferences among populations, and hence the sexual selection they generate, is independent of environment, and correlations are therefore expected only with neutral population genetic structure. In the latter class of models, correlations should exist with the ecological factors generating divergent natural selection. Geographic distance was used in this study as a potential index of ecological differences among populations, and correlations above and beyond any influence of neutral population genetic structure would suggest a key role for divergent natural selection. Finally, comparisons of sexual selection between populations sympatric and allopatric with respect to D. birchii were made to investigate whether sexual selection varies with the natural pattern of reproductive character displacement in CHCs in males.
Material and Methods

Study Populations
We collected Drosophila serrata from nine natural populations spanning approximately 15Њ of latitude (1,450 km) along the eastern Australian coastline (table 1) . Lab populations were founded from an average of 20 wild-caught females and were established as mass-bred populations at an average census size of 200 individuals for 12 generations before we conducted mating trials.
Mating Trials
Sexual selection on CHCs was measured separately in males and females from each of the nine populations, using replicate binomial mate choice trials. In each trial, a single male (or female) from one of the experimental populations (the "choosing" fly) was placed together with two females (or males) from the same population. Vials were observed, and once intromission had been achieved, all flies were anesthetized using CO 2 , and the choosing fly was discarded. The remaining individuals, one chosen and one rejected by the discarded choosing individual, then had their CHCs extracted for gas chromatography analysis using a standard protocol (Blows and Allan 1998) . Individual flies were treated as independent replicates in subsequent analyses because past work indicates that this has no discernible effect on the magnitude or significance of the resulting selection gradients .
All flies used in the above mating trials were collected as virgins from the stock populations, using light CO 2 anesthesia within 24 h of their emergence as adults. Individuals were subsequently held separately by sex and population for 4-5 days in glass vials containing 10 mL standard yeast media with live yeast sprinkled on top. Individuals for use as choosing flies were stored singly in vials, and the mating trials were subsequently conducted 4-5 days later within these same vials by introducing, by aspiration (i.e., without anesthesia), two individuals of the sex opposite to that of the choosing fly. Remaining flies were stored in groups of five flies per vial until their use in the mating trials.
An average of 99 (range 97-101) male choice and 99 (range 98-101) female choice mating trials were conducted for each of the nine populations over five consecutive days in February 2005. Both male and female choice trials were fully blocked such that approximately 20 trials were performed for each population on each day. Mating occurred in 198% of the trials overall.
Characterizing Sexual Selection within Populations
CHC samples from the mating trials were analyzed using gas chromatography and flame ionization detection on an Agilent (Wilmington, DE) 6890N gas chromatograph fitted with an HP5 column of 50 mm internal m # 0.32 diameter and a pulsed splitless front inlet, running the temperature program outlined by . Individual CHC profiles were determined by integration of the area under nine peaks. These are the same peaks used in past studies (Hine et al. 2002; Blows 2003, 2005; Blows et al. 2004; Petfield et al. 2005; ; they are identified, in order of their retention times, as follows: (Z,Z)-5,9-C 24 : 2 ; (Z,Z)-5,9-C 25 : 2 ; (Z)-9-C 25 : 1 ; (Z)-9-C 26 : 1 ; 2-Me-C 26 ; (Z,Z)-5,9-C 27 : 2 ; 2-Me-C 28 ; (Z,Z)-5,9-C 29 : 2 ; and 2-Me-C 30 (Howard et al. 2003) .
Relative amounts of each of the nine CHCs were determined for each individual by integrating the area under that peak and then dividing by the total area under all nine peaks. Log-contrast values were then calculated, using the proportional area under (Z)-9-C 26 : 1 as the divisor, to break the unit-sum constraint imposed by the use of such proportions (Atchison 1986; Blows and Allan 1998) . Six males and six females from the Cooktown population were excluded from the analyses because they lacked any detectable peak for (Z,Z)-5,9-C 24 : 2 , and log-contrast values were therefore undefined. Because log-contrast peak values derive ultimately from proportional data, the selection analyses that follow address how differences in the relative abundances of these different CHCs within individuals predict their mating success. Statistical analyses were performed using SAS, version 9.1 (SAS Institute, Cary, NC).
Linear sexual selection on the eight log-contrast CHCs was estimated separately by sex and population using the standard first-order polynomial regression model (Lande and Arnold 1983) :
where w is the mating success ( , 0 p rejected 1 p ) and z i are the eight log-contrast CHC values for chosen a given individual. These regressions yielded, for each sex and population, a column vector of linear selection gradients (b i ) characterizing directional selection on each of the eight log-contrast CHCs. It is these b vectors that were used subsequently to compare linear selection between pairs of populations. Because mating success is binomial, hypothesis testing for individual gradients within each population was performed using logistic multiple regression rather than standard least squares estimation techniques (Fairbairn and Preziosi 1996) . This was done using a generalized linear model with a logistic link function by employing the GENMOD procedure in SAS.
To determine the overall importance of linear sexual selection in each sex and population, we used MANOVAs to calculate the canonical variate of choice-the linear combination of CHCs that best distinguishes between chosen and rejected individuals (Endler 1986; Hine et al. 2002; Blows 2007 )-separately for each sex and population. This yielded a unique canonical variate for each sex and population, each of which was placed separately back into the standard first-order regression above in place of the original eight CHCs. The ability of CHCs to explain variance in mating success was then given by the adjusted coefficient of determination ( ) in each case, with significance 2 r adj given by the fit of the logistic model. Comparisons of selection among populations, however, must be performed on the same original set of traits (CHCs) and therefore cannot employ these canonical variates (each is a combination of the original eight CHCs that is unique to that sex and population).
Nonlinear sexual selection was estimated in a similar manner, separately by sex and population, using the standard second-order polynomial regression model (Lande and Arnold 1983; Brodie et al. 1995) :
where w is the mating success ( , 0 p rejected 1 p ) and z i and z j are the log-contrast CHC values for chosen a given individual. These regressions yielded, for each sex and population, an symmetrical g matrix charac-8 # 8 terizing quadratic selection on the eight log-contrast CHCs along the diagonal (g ii ) and on pairs of log-contrast CHCs on the off-diagonals (g ij ; also known as cross-product or correlational coefficients). Positive and negative values of g ii indicate concave and convex selection, respectively; the existence of disruptive and stabilizing selection requires the additional demonstration of stationary points within the sampled space (Mitchell-Olds and Shaw 1987). Correlational selection (g ij ) represents selection on CHCs that is not parallel to the original trait axes. It is these g matrices that were used subsequently to compare nonlinear selection among populations. Again, because mating success was binomial, significances for all individual nonlinear gradients were evaluated by fitting a generalized linear model with a logistic link function.
To determine the overall importance of nonlinear sexual selection in each sex and population, we conducted separate canonical rotations to condense all of the nonlinear selection onto the eight eigenvectors of the g matrix, thus eliminating all of the cross-product (correlational) terms (Phillips and Arnold 1989; Blows 2007) . Nonlinear selection on these eight eigenvectors was then analyzed using the standard second-order regression model above. The importance of nonlinear sexual selection on all eight log-contrast CHCs was indicated by the improvement in over that of the respective linear model 2 r adj for that sex and population. In each sex and population, the overall significance of the addition of nonlinear selection was determined using a partial F-test that compared the fit of the models with and without the eight quadratic terms (Bowerman and O'Connell 1990; ; analogous results were obtained when the best-fit models were selected using the Akaike Information Criterion). In addition, and again as with linear selection, comparisons of nonlinear selection among populations must utilize the same set of traits (i.e., g matrices generated from the analysis of the original traits) and therefore cannot employ the eigenvectors of g (because each is a combination of the original eight CHCs that is unique to that sex and population).
Comparing Sexual Selection among Populations
Linear sexual selection was compared between pairs of populations within sexes using their vector correlation, calculated as the dot product of the two column vectors of eight linear selection gradients (b's) standardized to unit length. These correlations, which represent a measure of the overall similarity between the pair of populations in the multivariate direction of linear sexual selection on these eight log-contrast CHCs, were calculated for each of the 36 unique combinations of the nine populations, and the resulting values were assembled into a symmetrical similarity matrix representing among-population 9 # 9 variation in sexual selection. Individual coefficients range from ϩ1 (indicating the same multivariate direction of selection) to Ϫ1 (indicating multivariate selection in precisely opposing directions), with 0 indicating orthogonal vectors of selection.
Nonlinear sexual selection was compared between pairs of populations within sexes using a technique for formal subspace comparisons originally developed by Krzanowski (1979) :
where the matrix A is a subspace of g 1 from population 1 that contains k of the n total eigenvectors of g 1 as columns and B is a subspace of g 2 from population 2 of the same dimensions (k cannot exceed n/2 or the method will necessarily recover common dimensions between the subspaces; Blows et al. 2004 ). The similarity between the two subspaces can then be assessed using the single metric of the sum of the eigenvalues of S, the upper bound of which equals k. The sum of the eigenvalues of S has a straightforward interpretation and ranges-in our case, from four, indicating complete similarity in the orientation of the subspaces of A and B, to 0, indicating subspaces that are completely noncoincident (or, more precisely, the k principal vectors of each subspace are orthogonal; Blows et al. 2004; Petfield et al. 2005) . Since each eigenvalue of S is the squared cosine of the angle between two principal vectors in subspaces of A and B, intermediate values of the sum of these eigenvalues represent the extent to which the principal vectors in each subspace describe the same space. These between-population comparisons of nonlinear sexual selection were calculated for each of the 36 unique combinations of the nine populations and then assembled into a symmetrical similarity matrix char-9 # 9 acterizing among-population variation in nonlinear sexual selection.
Large-scale patterns of variation in sexual selection were explored by testing for overall structure in the similarity matrices of linear and nonlinear selection. The eigenstructure of each of these two matrices was examined to determine their respective dominant axes of variation. Pearson correlation coefficients were also calculated separately between both the linear and nonlinear matrices and matrices of (1) pairwise geographic distances between populations (table A1 in the online edition of the American Naturalist), calculated from their GPS coordinates; (2) pairwise F ST values between populations (table A1), calculated as outlined below; and (3) a model matrix (Manly 1985, p. 186; Rundle and Jackson 1996) (Mantel 1967) were used to test whether each of these correlations was significantly different from 0. These tests were conducted using the zt software package (Bonnet and Van de Peer 2002) and employed the complete enumeration of all possible permutations (362, 880) .
Values of F ST were estimated by genotyping 24 females from each of the nine populations at seven previously developed microsatellite loci (Dser10, Dser13, Dser15, Dser16, Dser18, Dros1, and Dros6) , using established screening techniques (Magiafoglou et al. 2002; Schiffer et al. 2004) . Females rather than males were genotyped because two markers, Dros1 and Dros6, are X-linked, and we thus needed to equalize the number of chromosomes sampled per locus. We calculated Rousset's (1997) linearized measure of population subdivision, ,
among each pair of populations. Estimates of F ST were calculated using Weir and Cockerham's (1984) unbiased estimator, v, using the program GENEPOP 1.2 (Raymond and Rousset 1995) .
Results
Sexual Selection on CHCs within Populations
Taken together, the eight log-contrast CHCs predicted mating success in both males and females from all nine populations, suggesting that these traits are key targets of mate choice in these populations. Linear sexual selection on the eight log-contrast CHCs was significant overall in males from all nine populations and in females from eight of the nine populations (table 1) . The addition of nonlinear sexual selection was highly significant in both sexes in all nine populations, and linear and nonlinear selection combined explained and 20.0% ‫ע‬ 3.5% (mean deviation) of the 2 16.4% ‫ע‬ 4.0% r ‫ע‬ standard adj variance in male and female mating success, respectively (table 1). The 112 linear and 648 nonlinear sexual selection gradients that were calculated on the original logcontrast CHCs for both sexes from all nine populations and that were subsequently used to assemble the similarity matrices for among-population comparisons of b and g are reported in table A2 in the online edition of the American Naturalist.
Variation in Sexual Selection among Populations
The correlations among populations in the multivariate direction of linear sexual selection on the suite of eight In males, the dominant axis of among-population variation in linear sexual selection contrasted populations 1, 2, and 4 with the remaining ones ( fig. 1A) , indicating that the multivariate direction of linear sexual selection tended to be similar among populations within each of these groups but differed between groups. These groupings correspond with the distribution of Drosophila birchii (present in populations 1-4, absent in 5-9), with the exception of population 3 grouping with the allopatric populations. This association was reflected in the Mantel test; similarity in linear sexual selection on males was positively correlated with the presence/absence of D. birchii (table 4), although the correlation was marginally nonsignificant. There was no indication that variation in linear sexual selection was related to geographic distance or to the degree of amongpopulation differentiation in neutral microsatellite loci (F ST ; table 4).
In contrast to the linear results, there was little evidence of any structure in the Krzanowski matrix of among-population variation in nonlinear sexual selection in males (fig. 1B) . Consistent with this, correlations between this matrix and the matrices of geographic distance, F ST , and sympatry/allopatry with D. birchii were all small and nonsignificant (table 4) .
In females, among-population variation in linear sexual selection was structured into two groups that contrasted populations 3 and 4 with the remaining ones ( fig. 2A) . This structure generated a small and positive, but nonsignificant, correlation with sympatry/allopatry with D. birchii and a stronger negative correlation with F ST that approached significance (table 4) . This latter negative correlation indicates that as F ST increases between pairs of populations, the overall similarity in their multivariate direction of linear sexual selection tends to decrease. Structure in the among-population variation in nonlinear sexual selection was stronger with geographically proximate populations tending to group together (e.g., populations 1 and 2; populations 5-7; populations 3 and 4; fig. 2B ). This grouping produced negative correlations with both F ST and geography, indicating that nonlinear sexual selection tended to be more similar between pairs of populations that were geographically near one another and less divergent at assumed-neutral microsatellite loci (table 4) . However, geographic distance and F ST between pairs of populations were themselves correlated (Mantel test: , ) , suggesting an overall r p 0.408 P p .017 pattern of isolation by distance. The correlation between differences in nonlinear sexual selection and geographic distance weakened and became nonsignificant when the effects of F ST were taken into account (partial Mantel test: r p , ), suggesting that the effect of geography Ϫ0.225 P p .109 reflected, at least in part, an association with neutral population genetic structure.
Discussion
CHCs predicted mating success in both males and females in each of the nine populations, consistent with results of past studies that have directly and indirectly identified CHCs as a primary target of sexual selection in Drosophila serrata (Hine et al. 2002 Blows 2003, 2005; Blows et al. 2004; Petfield et al. 2005; Skroblin and Blows 2006) . In both sexes, selection had significant linear and nonlinear components, with nonlinear selection explaining an additional 12%-14% on average of the variance in mating success over linear selection alone (table 1). The presence of significant nonlinear sexual selection on males differs from early se- Krzanowski (1979) and represent a measure of the overall similarity in orientation of the two eight-dimensional subspaces defined by the g matrices of the two populations involved (see "Material and Methods" for details). Values can range from 4 (coincident subspaces) to 0 (orthogonal subspaces).
lection estimates using the previously described Forster laboratory population (Higgie et al. 2000; Hine et al. 2002) , in which selection on males was found to be essentially linear, with no significant nonlinear component .
Given the presence of significant sexual selection within populations, our main goal was to use a quantitative framework to explore overall patterns in how this selection varied among populations in both sexes. There are two aspects of geographical variation in sexual selection that can be distinguished: (1) the similarity of sexual selection between pairs of populations, reflected by the magnitude of the elements of the similarity matrices of linear and nonlinear sexual selection (tables 2, 3, respectively); and (2) large-scale patterns in how sexual selection varies among populations, reflected in the structure of these two matrices (figs. 1, 2) and their overall associations with matrices of geographic distance, F ST , and sympatry/allopatry with Drosophila birchii (table 4) .
A biological interpretation of the magnitude of the individual similarity measures (aspect 1 above) requires estimates of the error associated with each measure. Empirical estimation of these errors would require multiple, independent measurements of sexual selection for both sexes in each population, which is logistically difficult in an experiment of this size. Unfortunately, however, a statistical estimate of these errors using resampling procedures (e.g., bootstrapping) is not straightforward because the similarity measures of linear and nonlinear selection are both bounded (linear: Ϫ1 to 1, nonlinear: 0 to 4). Resampling cannot yield parameter estimates outside the bounds of these metrics, and all bootstrapped confidence intervals are therefore constrained to be significantly smaller and larger than their upper and lower bounds, respectively, making rejection of the null hypotheses of complete similarity or complete difference guaranteed. This feature may also bias tests for differences between pairs of estimates.
As an alternative to the direct comparison of b vectors and g matrices, it is conceivable that random-coefficient models (Longford 1993; Meyer and Kirkpatrick 2005) could be applied to these data to model the variation among populations in either directional selection (linear slopes) or nonlinear selection (second-order regression coefficients), in a restricted maximum likelihood framework. However, determining the significance of broader-scale patterns among populations, particularly in nonlinear selection, is likely to be a formidable task. Lacking estimates of the error association with the individual similarity measures, we therefore refrain from interpreting their magnitudes (aspect 1 above). In future studies, independent measurements of selection on the same population or at the same time will be crucial for interpreting comparisons of selection between populations or at different times.
A repeated estimate of linear and nonlinear sexual selection is available in this study for the Forster population used in previous experiments. The vector correlation for two independent measurements of linear selection on the same suite of male CHCs in the Forster population, between that reported by Blows et al. (2004) and another measure taken in late 2006 (E. Hine, unpublished data), was 0.833, suggesting a high repeatability (only four of the 72 pairwise correlations among our nine populations exceed this value). In contrast, the Krzanowski value for the comparison of nonlinear selection on Forster male CHCs between these two sampling periods was 2.68, suggesting a lower repeatability. Approximately one-third of the 72 comparisons among populations exceed this value (table 3), implying the presence of substantial noise in these estimates. This lower repeatability is not unexpected, given the ratio of indepen- Note: Values are correlation coefficients of the elements of a pair of matrices, one being a similarity matrix of linear or nonlinear selection among pairs of population (tables 2 and 3, respectively) and the other being a matrix of between-population values for geographic distance ("geography"), F ST , or shared presence/absence of the related species Drosophila birchii ("sympatry") . P values are given in parentheses and derive from Mantel tests using the complete enumeration of all possible permutations (362,880). dent observations (approximately 199) to the number of parameters in our models (44); estimating all nonlinear selection on a suite of eight traits is an empirical challenge even in Drosophila. Nevertheless, patterns across the entire set of estimates may still be detectable in the presence of sampling error of each individual estimate (aspect [2] above). Such tests treat similarity measures as individual observations, and measurement error itself should not produce large-scale structure in these similarity matrices, although its presence will reduce the ability to detect such patterns.
Linear Sexual Selection
In males, variation in linear sexual selection was associated with the presence versus absence of the related species D. birchii, although the effect was marginally nonsignificant (table 4) . Because sexual selection arose in our study from female mate choice, such differences imply that female mate preferences vary between sympatry and allopatry. Similar differences in female preferences between four independent sympatric and allopatric populations of D. serrata were found by Higgie and Blows (2007) for males derived from a mixed population that comprised the full range of allopatric and sympatric phenotypes.
In females, among-population variation in linear sexual selection was correlated with neutral population genetic structure (F ST ), although, again, the effect was marginally nonsignificant ( ). Although a correlation with F ST P p .087 suggests that male mate preferences are diverging as essentially a neutral trait, caution is warranted for two reasons. First, recent analyses demonstrate clinal patterns in some CHCs among these same nine populations that are steeper than expected because of drift alone, thereby implicating selection (S. Chenoweth and M. Blows, unpublished manuscript) . A similar adaptive cline in mate preferences would be difficult to detect if confounded with neutral population genetic structure. Such a problem is inherent to all correlational analyses in which inferences concerning mechanisms are weak. It remains possible, for example, that preferences may have diversified in part be- cause of divergent natural selection and we have simply failed to identify the relevant environmental factor(s). Second, caution is also warranted because it is possible that mate preferences diverged via genetic drift during the 13 generations for which these populations were held in the lab before we estimated sexual selection. Ultimately, questions concerning mechanisms by which this pattern has arisen require manipulative experimental tests.
Nonlinear Sexual Selection
In males, there was little evidence for any large-scale structure in the among-population variation in nonlinear sexual selection ( fig. 1 ), nor did we detect any significant associations between this matrix and the matrices of geographic distance, F ST , and sympatry/allopatry with D. birchii. Although measurement error should not create any large-scale structure in our similarity matrices, its presence will reduce our ability to detect existing structure. As noted earlier, a repeated selection estimate on the Foster population suggests that error in similarity measures of nonlinear selection could be substantial, and it is therefore possible that measurement error was simply too great to permit patterns to be detected in this data set. Whether and how nonlinear selection varies among these populations will therefore require additional study.
In females, similar to results for linear sexual selection, variation in nonlinear sexual selection was correlated with neutral population genetic structure (F ST ). A significant correlation with geography was also detected, but this correlation weakened and became nonsignificant when the effects of F ST were controlled for ( , ). r p Ϫ0.225 P p .109 This result suggests that male mate preferences are diverging among populations as essentially a neutral trait and that geographic distance reflects, at least in part, neutral population genetic structure, probably through its effects on gene flow. Once again, however, caution is warranted because adaptive clines and neutral population genetic structure are likely to be confounded in this sampling design.
Conclusions
We have outlined a quantitative approach that allows investigation of broad-scale patterns of variation in selection among populations and of whether this variation is associated with possible causal factors that vary among populations. We applied the method to a large data set of linear and nonlinear sexual selection arising from mutual mate preferences in D. serrata, examining variation in the multivariate fitness surfaces for a suite of CHCs among nine natural populations in both males and females. Our comparisons suggested that variation in sexual selection on CHCs in males was associated with the presence versus absence of D. birchii, a biological pattern consistent with past observational and manipulative studies of reproductive character displacement in D. serrata. Selection was also found to be correlated with neutral population genetic structure in females, suggesting that chance events may be playing a role in the diversification of male mate preferences. A first step in determining the evolutionary mechanisms responsible for the observed patterns will involve evolution experiments that permit variation among populations in mate preferences to be partitioned among treatments that manipulate the opportunities for these different mechanisms.
